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Abstract : In this paper, an attempt is made to study the anisotropy in elastic wave 
propagation in selected high Tc superconducting samples. Three systems have been investigated 
-B i2Sr2CaC u2 0 g_$ . RBa2Cu3Q 7_^ ( R = Y or Gd ) and La2-jrSrxCu04-^ "  for 
which the phase velocity surfaces are computed and plotted after solving the wave equations 
corresponding to different modes of propagation. The wave surfaces are plotted at temperatures 
above and below Tc , either for single crystals, sinterforged samples or ceramic polycrystalline 
specimens subject to the availability of elastic constant data. A detailed analysis of elastic wave 
surfaces and anisotropy in high Tc superconductors above and below Tc has been undertaken. A 
comparison of the wave velocity surfaces of the different materials suggest that the anisotropy in 
elastic wave propagation is not the same for these materials. An explanation for this, based on its 
structure, is provided. It is also found that the nature of elastic anisotropy does not vary 
significantly with superconducting transition.
Keywords : High Tc superconductors, elastic anisotropy, elastic wave propagation 
PACS Nob. : 62.20.Dc, 74.90.+n
1. Introduction
The elastic properties of a material determine a number of fundamental solid state 
parameters such as phonon dispersion, specific heat, Debye temperature, thermal 
expansion, Gruneisen parameter etc. By measuring the phase velocities of elastic waves 
propagating along various crystallographic directions, the elastic constants of a material can 
be obtained. The relations between the elastic constants and the phase velocities in any 
arbitrary direction of a medium are obtained from a solution of the Christoffel equation [1 ].
Elastic wave propagation is highly anisotropic in many crystals in the sense that 
waves with different polarizations propagate with different velocities in different directions. 
Except for certain special directions, waves are not strictly transverse or longitudinal in 
crystals. The group velocity of the waves with which energy is transported is generally
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different, both in direction as well as in magnitude from phase velocity. The phase and 
group velocities can be plotted for different propagation directions lying in different planes 
for each polarization mode which give the corresponding velocity and ray surfaces. The 
inverse of phase velocities can also be plotted for various propagation directions which are 
referred to as slowness surfaces. The pictorial representation of the wave velocities give a 
much better understanding of the anisotropic nature of elastic wave propagation in different 
directions in a crystal.
Measurement of the elastic constants of superconductors is very important since they 
have linkage to the superconducting transition temperature through the Debye temperature 
and the electron-phonon coupling parameter. In addition, the elastic constants directly 
determine the behaviour of long-wavelength acoustic phonons and provide a sensitive probe 
of structure related phase transitions occurring in these materials. Because of these reasons 
there have been a large number of studies on the elastic properties of these materials, 
particularly high Tc superconductors, with the aim of providing some insight into the 
mechanisms responsible for superconductivity.
Extensive sound velocity measurements have been made in high Tc superconducting 
cuprates for a variety of reasons. Firstly, as is Obvious from their structures,' they are 
extremely anisotropic structurally, with a strong two-dimensional character. Therefore, the 
relation of superconductivity to structural distortions could also be highly direction 
dependent. Measurement of the sound velocity anomaly at the superconducting transition 
for sound waves with different polarizations propagating in different directions would, in 
principle, provide information on this particular aspect of superconductivity. Secondly, 
there are structural transitions in these systems, such as tetragonal to orthorhombic, that 
occur above T c which gel reflected in elastic properties.
*
Most of the early work on the elastic properties of these materials were performed on 
ceramic polycrystalline samples using ultrasonic or vibrating reed technique. Since the 
synthesis of ceramic samples with dimensions large enough for ultrasonic measurements is 
comparatively easy, a number of papers have appeared in literature reporting elastic 
constants of such samples. Though these measurements provide a very good tool to probe 
the bulk properties of these materials, they fail to give information about elastic anisotropy, 
since such experiments generally probe the spherically averaged properties or the sample is 
treated as elastically isotropic.
Elastic constant measurements on single crystals is the answer to the above problem. 
The growth of single crystals of high t c materials is not very easy, but people have 
succeded in rec'fent years. Single crystals are usually in the form of thin platelets that do not 
allow the determination of the whole set of elastic constants and because of their small 
dimensions, precise measurement of elastic constants is rather difficult. Even by using the 
resonant ultrasound technique, which enables one to measure the elastic constants of small 
crystals, all the elastic constants of high Tc materials above and below Tc have not yet been
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reported due to various difficulties. Also their superconducting properties are extremely 
sensitive to composition, such as oxygen stoichiometry. Moreover, since the 
superconducting coherence length is extremely short in these materials, one is not sure 
about the sample homogeneity even in small single crystals.
An alternative! way to obtain information on the anisotropic elastic properties of 
these high T c materials is to make measurements on samples with preferentially aligned 
crystallites, or the so-called sinterforged samples. Large size samples are rather easy to 
obtain in this form as compared to single crystals and pulsed echoes in ultrasonic 
experiments can be seperated owing to proper size of the samples. Oxygen content is 
usually more homogeneous because of the small size of the crystallites within them. Above 
all, these samples yield a nearly uniaxial symmetry, whereby the behaviour in the Cu-O 
layers, as opposed to directions perpendicular to them, can be sorted out.
Even though elastic properties have been investigated thoroughly and elastic 
constants determined accurately for many of them, no serious attempt has been made so far 
to plot elastic wave surfaces and study elastic anisotropy in these materials in a systematic 
way. In this paper we make an attempt to do this and analyse the results obtained on three 
of the popular high T c superconductors, B i2S r2CaCu2Og_$, RBa2C u30 7_5 (R = Y or Gd) 
and L a ^ S r^ C u O ^  .
2. Elastic wave surfaces of selected high Te superconductors
This is an attempt to study the temperature dependence of the anisotropy of elastic 
properties by plotting the phase velocity surfaces at temperatures above and below T c for 
the three superconducting systems mentioned above. The phase velocity surface depicts the 
phase velocity (vp = o / k )  as a function of propagation direction and is independent of Q). 
The surfaces have been plotted either for single crystals, sinterforged samples or ceramic 
polycrystalline samples at temperatures above and below Tc depending upon the availability 
of elastic constant data.
All the three systems studied belong either to the orthorhombic or tetragonal 
symmetry with 9 and 6 elastic constants respectively. The elastic constant matrix for these 
two symmetry classes are
1^1 ^12 C,3 0 0 0 c a CI3 0 0 0
^12 C2I c 23 0 0 0 0 0 0
2^3 c 33 0 0 0 and
0
C13 C,3 C33 0 0 0
0 0 0 4^4 0 0 0 0 C44 0 0
0 0 0 0 C5 0 0 0 0 0 C44 0
0 0 0 0 0 ~66 0 0 0 0 0
respectively.
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For a direction specified by the direction cosines l, m  and n  three bulk waves, viz, 
pure shear, quasi-shear and quasi-longitudinal can l>e propagated with velocities (v) and 
polarizations (uj) determined by the Christoffel equations [1]
( ^ j - p v ^ j ) ^  = 0 ( U  = 1, 2, 3).
For orthorhombic symmetry, the A’s in the Christoffel equations are given by
^11 = /2Cn + + w2^35’
i 22 =  l 2C "  +  m 2C 22 +  n 2C ^
A33 = l 2C55 + m 2Cu  + /i2C33,
A|2 = /m(C12 + C^),
A|3 = ln (C x 3 + C55),
^ 2 3  =  ^ ^ ( ^ 4 4  ^  ^*2 3 ^* ( 1)
whereas for tetragonal symmetry, with 6 constants, these parameters get modified to 
A| | = /2Cm + m2* ^  + n 2Cu , \
\
A 22 = /2CW + m2Cn + /i2^ ,
A31 = (/2 +m 2)C44 + n2C33,
A|2 = /m(Cj2 + C^),
^13  =  ^ ( ^ 1 3  £4 4  )»
A23 = + C13). (2)
The wave velocities of the three types of elastic wave fronts are then obtained for the ab, ac 
and b e  planes as the eigen values of the Christoffel equations, which are then plotted as a 
function of propagation direction.
The work done on the three systems are separately outlined in the following sections.
2.1. Bi2Sr2C aC u20 ^ s  (B SC C O ) :
This compound is the second member of the superconductor family having the general 
formula Bi2Sr2C^,_|Cun0 4+2i,-5 with n = l, 2, 3. The structure of BSCCO is orthorhombic 
with c = 30.8445 A which is much larger than the lattice parameters a  = 5.4091 A and 
b = 5.4269 A which are nearly equal.
Even though there are many reports on the elastic properties of this material, none of 
them gives the complete set of elastic constants, numbering nine, even at room temperature. 
The major work in this regard is by Wu e t a l [2] who have determined the temperature 
variation of several of the constants by ultrasonic measurements, but do not give all 
constants even at room temperature. There are other reports also which give only one or 
two constants [3-5].
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However, a clear picture of the anisotropy in elastic wave propagation and its 
variation with temperature can be obtained since Saunders e t a l [6] have determined all the 
elastic constants from ultrasonic measurements on a textured sample of BSCCO bodrabove 
and below Tc. In this sample, a high proportion of the grains are found to be aligned 
preferentially with the c-axis along the forging direction, while it is isotropic in the plane 
normal to the forging axis. So the sample is assumed to have a cylindrical symmetry and the 
five independent elastic constants are given at 290 K and 20 K. In addition, they have 
plotted the velocity surfaces for the a c  plane at 290 K. Another important work in this 
direction is by Boekholt e t a l [7], who have reported room temperature elastic constants 
measured from Brillouin light scattering experiments on a single crystal. Here also 
cylindrical symmetry is assumed and five independent elastic constants have been 
determined. Both the data are tabulated in Table 1.
Table I. Clastic constants of BSGCO (values in GPa).
Cn c 33 C44 c 66 C|2 c 13 T(K) References
118.5 44.2 19.0 37.70 43.1 7.3 290 [61
124.0 45.2 20.2 40.20 43.7 7.5 20 [61
125.2 75 8 15.8 23.15 78.9 56.0 300 [7]
We have computed the wave velocity surfaces above and below T c as the eigen 
values of the Christoffel equations using the elastic constants reported by Saunders e ta l  [6].
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Figure 1(a). Wave velocity surfaces in the ab plane at 
290 K for sintefforged BSCCO. ps, qs and ql represent 
the pure-shear, quasi-shear and quasi-longitudinal 
modes respectively.
Velocity (■/■)
Figure 1(b). Wave velocity surfaces in the ac(bc) plane 
at 290 K for sinterforged BSCCO.
Because of the cylindrical symmetry of the sample, the surfaces are the same in the ac  and 
be planes. Figures 1(a) and 1(b) gives the plots at 290 K while Figures 1(c) and 1(d) are
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those at 20 K where the symbols ps, qs and ql represent the pure-shear, quasi-shear and 
quasi-longitudinal modes respectively.
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Figure 1(c). Wave velocity surfaces in the ab plane at Figure 1(d). Wave velocity surfaces in the ac{f>c) plane 
20 K for sinterforged BSCCO. at 20 K for sinterforged BSCCO. ^
2.2. RBa2Cu30 7_6(RBC0) ( R = Y o r  Gd) :
This compound is undoubtedly the most thoroughly investigated high Tc superconductor, 
owing to its relatively high Tc value and straight forward synthesis. The structure of RBCO 
at room temperature is orthorhombic. It is a tripled perovskite with a unit cell containing 
two CU-O2 layers (planes) and one Cu-O chain.
The elastic properties of this material have been investigated extensively. There exist 
several ultrasonic and other measurements of elastic constants on samples in the single 
crystal form [8-17]. The complete set of elastic constants reported by a selected number of 
workers is summarised in Table 2.
Table 2. Elastic constants of YBCO at 295 K (values in GPa).
C„ c 22 c 33 c 44 C55 C 66 C\2 CI3 c 23 References
231 268 186 49 37 95 132 71 95 [8]
223 244 138 61 47 97 37 89 93 19]
230 230 150 50 30 85 100 100 100 [ 10]
Ming Lei &  al [8] have measured the complete set of elastic constants by the 
resonant ultrasound technique, while Ledbetter and Lei [9] have given the complete set 
from a semi-theoretical estimate. The third set by Reichardt et al [10] is from inelastic 
neutron scattering and since they assume tetragonal symmetry only six constants are 
reported by them. Incomplete set of elastic constant data is available from many 
groups [11-17].
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The wave velocity surfaces have been plotted at room temperature using the elastic 
constant data reported by Ming Lei e t a l  [8]. Results obtained for propagation in the 
ab, ac and be  planes are plotted in Figures 2(a), 2(b) and 2(c). Though there are a number of
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Figure 2(a). Wave velocity surfaces in the ab plane at Figure 2(b). Wave velocity surfaces in the ac plane at 
room temperature for single crystal YBCO. ps, qs and room temperature for single crystal YBCO.
ql represent the puce-shear, quasi-shear and quasi­
longitudinal modes respectively.
Figure 2(c). Wave velocity surfaces in the be plane at ■ Figure 2(d). Wave velocity surfaces for polycrystalline 
room temperature for single crystal YBCO GdBCO at 300 K. s and / represent the shear and
longitudinal modes respectively.
measurements reported at low temperatures, for example Golding e t a l [12] give two 
constants C y  y and C33 measured at 80 K, no data with complete set of elastic constants at 
low temperatures could be found.
As mentioned earlier, one of the alternative ways to shed light on the anisotropic 
nature of the elastic properties of these materials is to study the sinterforged materials 
when data on Single crystals is lacking. Sinterforged YBCO samples show preferential
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orientation [18] with 80% of the c-axis of the crystallites aligned within 20° of the forging 
axis. Since in the direction perpendicular to the forging axis, the a  and b  axes of the 
crystallites are randomly oriented, such saihples show rotational symmetry and hence 
there are five different propagation modes for elastic waves. The major works are by 
Xu e t a l [19] and Zhao et a l [20] who have reported incomplete sets of elastic constants 
at room temperature but no data at low temperatures could be found in literature for 
these types of samples.
6000
Figure 2(e). Wave velocity surfaces for poly crystalline GdBCO at 90 K.
Since a comparison of the wave surfaces above and below Tc has not been possible 
for YBCO due to the lack of data at low temperatures, we have plotted the surfaces for the 
polycrystalline ‘123* samples. For a polycrystalline material, the phase velocity is 
independent of direction and has only two values; V/ for the longitudinal wave and vs for the 
shear wave. Many reports can be found in literature which give the’longitudinal and 
transverse velocities of 123 compounds. The elastic constants taken from some of these 
reports [22-24] are tabulated in Table 3 along with the values we have measured for a 
superconducting GdBCO at 300 K and 90 K using the ultrasonic pulse echo overlap 
technique [21]. Figures 2(d) and 2(e) depict the surfaces at 300 K and 90 K plotted using 
** the values measured by us where the symbols s and / represent the shear and longitudinal 
modes respectively.
Table 3. The longitudinal (C/) and shear (C5) elastic 
constants of polycrystalline GdBCO (values in GPa).
Cl c , T(K) References
143.5 49.4 300 122]
149.1 52.4 90 [22]
158.2 52.0 - [23]
170.6 64.5 4 [24]
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2.3. L a 2-x^rx ^ u0 4 - s (L S C O ):
This superconducting compound is derived from the stoichiometric compound L^CuC^ 
(LCO) by replacing La3* with Sr2+ (or Ba2*) partially. The parent LCO is a semiconductor 
which exhibits tetragonal symmetry of lA lm m m  space group at high temperatures (above 
530 K), which distorts to a lower symmetry orthorhombic state on cooling. Since most of 
the measurements reported are at and below room temperature, the structure is invariably 
orthorhombic in all these. As La3* is replaced by Sr2*, the doping on the cation lattice 
introduces holes into the conduction band. The tetragonal-orthorhombic transition 
temperature decreases upon doping, the typical value being « 180 K for x  = 0.15. So the 
superconducting LSCO has a tetragonal structure at room temperature and it transforms to 
the orthorhombic state at a 180 K.
Though the parent compound LCO is not a superconductor, the elastic properties of 
this compound have also been measured. Migliori ex a l [25] have measured all the nine 
constants at three different temperatures using the resonant ultrasound technique. Allan and 
Mackrodt [26] also give the complete set at room temperature which is the result of a 
molecular dynamics simulation. Incomplete data is available from different groups [27,28]. 
The complete set of elastic constants are tabulated in Table 4.
Table 4. Elastic constants of LCO (values in GPa).
C l\ c 2 2 c 33 C44 / C5S C 66 CI2 CI3 c 23 T(K) References
172.2 171.6 200 65.2 65.8 97.1 89.2 72.8 73.2 310 [251
171.9 171.2 200 65.6 65.8 96.8 90.4 72.2 73.1 297 [25]
168.8 166.8 200 70.5 660 103.6 100.0 71.4 72.8 44 [25]
199.0 184.0 190 65.0 64.0 66.0 65.0 65.0 70.0 298 [26]
The velocity surface plots for LCO, given in Figures 3(a-c) represent the surfaces at 
297 K for wave propagation in the a b , ac  and be  planes respectively. The surfaces are more 
or less the same at 44 K and so the figures are not shown here.
6000
Figure 9(a). Wave velocity surfaces in the ab plane at 
M l K for single crystal LCO. ps, qs and ql represent 
the pure-shear, quasi-shear and quasi-1 longitudinal 
modes respectively.
o uuu
Velocity (•/•)
Figure 3(b). Wave velooity surfaces in the ac plane at 
297 K for single crystal LCO.
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Superconducting LSCO has a tetragonal structure at room temperature, with space 
group D h^, and transforms into an orthorhombic state at 180 K with Anther structural 
anomalies on approach of the superconducting transition. Eventhough the first member of 
the high Tc superconductor family, data is comparatively less on LSCO compared to other 
superconductors. Migliori e t a l [29] have reported the complete set of elastic constants at 
297 K measured using the resonant ultrasound technique. However, no data could be found 
which give all the six independent elastic constants at temperatures around or below Tc  The 
data which could be found in literature [29,30] are given in Table S.
Tabic 5. Elastic constants of LSCO (values in GPa).
C|l c 33 C44 c «6 C| 2 ^23 T(K) References
248.0 205.0 67.4 58.3 48 65 297 129]
263.4 246.5 - - - - 50 [30]
Figures 3(d) and 3(e) give the velocity surfaces plotted for wave propagation in the 
ab  and ac (be) planes respectively for LSCO at 297 K using the elastic constants reported
6000
Figure 3(c). Wave velocity surfaces in the be plane at 
297 K for single crystal LCO.
Figure 3(d). Wave velocity surfaces in the ab plane at 
room temperature for single crystal LSCO,
by Migliori et a l [29], Though there are many reports on the temperature variation of sound 
velocity, the absolute values of longitudinal and transverse velocities at two temperatures 
(one above and the other below Tc) could not be found for the same sample and hence the 
velocity surfaces below Tc are not plotted for polycrystalline LSCO.
3. Discussion and conclusion
The velocity surfaces plotted for the superconducting compounds for the propagation of 
elastic waves in different planes clearly depict the elastic anisotropy in these materials.
For BSCCO, the three surfaces for the shear, quasi-shear and quasi-longitudinal 
waves are circles in the ab  plane (Figure 1(a)) indicating that the phase velocity is
independent of direction f6t all the waves. The compound possesses a layer structure which 
consists of adjacent pairs of B i-0  planes that alternate along the c-axis with pervoskite like 
multilayers. The IK2Q2 layers consist of two parallel, planar Bi-O sheets while the 
pervoskite multilayers comprise two Cu-O sheets in the form of comer sharing CUO5 
pyramids separated on the base sides by Ca ions. Crystals of BSCCO compounds have a 
mica-like morphology which indicates that the interlayer binding force* are very weak, 
while strong interatomic binding forces exist within the Cu-O planes.
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Figure 3(e). Wave velocity surfaces in the ac(bc) plane at room temperature 
for single crystal LSCO.
The direction independent velocities in the ab  plane may be explained on the basis of 
the structure. It is possible that the strong interatomic forces within the Cu-O layers are 
responsible for the ab  plane rigidity and therefore control the wave propagation within this 
plane so that these waves have velocities which are essentially independent of direction. In 
the ac (be) plane, the wave surfaces plotted for the three waves clearly indicate the 
anisotropy in this plane. The velocity of the longitudinal elastic wave propagated within the 
layer i.e. along a  (b) direction is much greater than that of the wave propagated along the c 
direction. The shear waves also have more or less the same behaviour. This behaviour is 
consistent with weak interlayer binding forces mentioned earlier.
' The nature of the wave surfaces in YBCO should be similar to those in BSCCO 
since YBCO also possesses a layer structure. The unit cell of YBCO consists of two Cu-Oj 
planes and one Cu-O chain with the Cu atoms located at two inequivalent positions. The 
first, Cu(2) has a pyramidal coordination while the Cu(l) located at the origin has a square 
planar coordination in which the near square Cu-O units share one comer and form chains 
along the b  axis of the unit cell. The Cu(2) atoms are strongly bonded to the four oxygen 
atoms 0 (2) and 0 (3) forming the basis o f the pyramid and are weakly bonded to the oxygen 
atom 0(1) at the apex. Because of these features, there exists in the structure, two 
dimensional layers of Cu and O almost perpendicular to the c  axis.
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Just like BSCCO, the anisotropy is more in the ac  and b e  planes compared to the ab 
plane as is clear from Figures 2(a-c), though the velocities for the different modes are not 
independent of direction in the ab  plane. In the a c  plane the velocities are higher along the c 
direction. In other words, the elastic waves propagating within the layers are faster than 
those perpendicular to the layer or in the direction of weak coupling which is again similar 
to that of BSCCO. The nature of the wave surfaces in the be  plane is more or less similar to 
that in the ac  plane since both a  and b  axes are within the layer and the c axis normal to the 
layer.
Comparing BSCCO and YBCO it can be found that BSCCO is more anisotropic. For 
example, the longitudinal velocity along the a  axis is nearly double of that along the c axis 
in BSCCO while the ratio of velocities along a  and c axes is not that high. This may be due 
to the larger number of layers present in the unit cell of BSCCO.
Though a nonsuperconductor, the interest in the elastic properties of LCO lies in the 
fact that the Cu-O planes present in the compound produce anisotropic elastic effects just 
as in a superconductor. Moreover, elastic and specific heat anomalies appear in this material 
at temperatures near Tc in the superconductor LSCO [31].
It is interesting to note that the anisotropy is more in the ab  plane for both LtitO and 
LSCO, contrary to what has been seen in the other two superconductors. The Cu-0  
perovskite layers perpendicular to the cfaxis are present in these materials also, which are 
separated by La/Sr-02 planes with a rock salt type of arrangement. Each O atom of the 
perovskite layers 0(2) is bonded to two Cu atoms in the same plane and to four R atoms 
(R = 0.925 La + 0.075 Sr in LSCO and La in LCO) in adjacent planes, while each O atom 
of the rock salt layers 0(1) is linked to five R atoms and one Cu atom in a distorted 
octahedral configuration. In other words, the R atoms are strongly bonded to both the O 
atoms located on the same plane and those of the perovskite layers and tpe nature of the 
atoms forming R can strongly influence the Cu-O bonding [32], So it is likely that the wave 
propagation in the ab  plane is not controlled by interatomic bonds within the layer alone, as 
in the case of the other two superconductors, but the La/Sr-02 bonds also have some 
influence on the wave propagation in this plane. So the combined influence of these two 
interatomic bonds may be responsible!for (he anisotropy in this plane as is clear from the 
Figures 3(a) and 3(d).
Comparing LCO and LSCO it is seen that velocities are higher in LSCO which 
indicate that doping with $r makes the material stiffer. This is contrary to the usual trend 
where charge carriers are found to soften elastic waves by screening. This stiffening has 
been attributed to the suppressed onset of the low temperature orthorhombic phase in the 
doped materia] [291.
Not much information can be expected to be obtained regarding the anisotropy by 
plotting the wave surfaces for poly crystalline samples for which just two elastic constants 
exist. However, for the 1-2-3 compounds, the velocity surfaces have been plotted at two 
temperatures in order to check for any relative variations in the two velocity surfaces above
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and below T c. It is found that the curves are exactly similar at these two temperatures 
indicating that there is no relative changes in velocity as the sample undergoes a 
superconducting transition. In the case of the velocity surfaces obtained above and below T c 
Tor the sinterforged BSCCQ sample also, the wave surfaces are quite similar at the two 
temperatures. These results indicate that the anisotropic nature of wave propagation does 
not change significantly upon superconducting transition.
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